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INTRODUCTION
Studies of tritrophic interactions aim to understand the
often complex relationships between plants, herbivores
and natural enemies. They can be used to explain patterns
of association in natural communities and may suggest
better methods for sustainable pest control in agricultural
crops (Agrawal, 2000; Giles et al., 2002). Plants can
affect performance of herbivore natural enemies posi-
tively or negatively through modified features such as
chemistry (volatiles, secondary compounds), resources
(nectar, pollen) and/or morphology (trichomes, domatia)
(e.g. Kareiva & Sahaklan, 1990; Takabayashi & Dicke,
1996; Agrawal et al., 2000; Cortesero et al., 2000; Walker
& Jones, 2001; Kessler & Baldwin, 2002; Cory &
Hoover, 2006). Density-dependent regulation of herbi-
vore populations is equally likely to be caused by plant
attributes as by the action of natural enemies (Stiling,
1988). In addition, the direction and scale of tritrophic
interactions can be affected by abiotic conditions (e.g.
Gonzáles et al., 2002; Paul & Gwynn-Jones, 2003), and
may vary within a growing season (Gratton & Denno,
2003).
Aphids are a widespread and diverse group of plant
herbivores. Approximately 4000 species have been
described, with the greatest species numbers and abun-
dances occurring in temperate regions of the world,
where approximately 25% of plant species are food
resources for aphids (Dixon, 1998). Adaptation by many
aphid species to marked seasonality and ephemeral
summer host resources includes polyphenism (sexual,
asexual forms) and telescoping of generations in parthe-
nogenic summer females (Dixon, 1998). Alternation
between different host plant species is a necessary
strategy for population survival within and between sea-
sons. In general, the feeding strategies and gut physiology
of aphids, as with other sap-sucking Hemiptera, are con-
sidered to have adapted to evade plant defence and
wounding responses involving the polyphenol oxidase
metabolic pathway (Gatehouse, 2002).
The effects of various predators, parasitoids and fungal
pathogens on aphids have been documented in laboratory
and field studies, and simulation modelling studies of tri-
trophic interactions involving cereal aphids have been
reported by Gosselke et al. (2001). Pandora neoaphidis
(Remaudière et Hennebert) Humber (Zygomycetes: Ento-
mophthorales) infects aphids of many different genera,
and it can be an important regulatory factor limiting aphid
populations (Pell et al., 2001; Shah et al., 2004). During
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Abstract. The performance of the aphid-specific fungal pathogen Pandora neoaphidis was studied in relation to changes in herbi-
vore resources for the pea aphid, Acyrthosiphon pisum, on different host plant species. Dose-response bioassays were conducted with
A. pisum which had been reared on dwarf bean then inoculated with P. neoaphidis and returned to dwarf bean or inoculated and
transferred to field bean, pea or lucerne. The smallest estimated median lethal concentration (LC50) was 7.7 conidia mm–2 (95% con-
fidence interval 5.4–11.2) for aphids returned to dwarf bean, with LC50s of 13.0 (9.2–19.1) and 14.6 (10.2–21.5) conidia mm–2 for
aphids transferred to field bean or pea, respectively. The LC50 when aphids were transferred to lucerne [2941.0 conidia mm–2
(237.3–2.1x109)] was greater than for the other three plants. In a subsequent experiment, A. pisum were reared on pea as well as
dwarf bean for four generations before bioassays. The LC50 was 7.3 conidia mm–2 (4.4–12.4) for aphids reared and incubated on
dwarf bean, compared to 13.3 (8.0–23.9) and 15.3 (8.8–29.9) conidia mm–2 when aphids were transferred between dwarf bean and
pea, and vice versa, respectively. The LC50 for aphids reared then incubated on pea plants was 27.9 (15.8–57.3) conidia mm–2.
Hence, the virulence of P. neoaphidis, measured by LC50, was greatest when A. pisum was reared and maintained on dwarf bean, the
plant used for long-term routine culturing of the aphid in our facilities. In conclusion, virulence of P. neoaphidis was greater on plant
species to which A. pisum had become adapted during long-term laboratory rearing. Plant resources may affect infection by P.
neoaphidis and the fungal entomopathogen will have a greater impact on aphid herbivores which are not suffering physiological
stress related to a change in host plant.
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infection, conidia germinate and penetrate the aphid cuti-
cle, after which fungal stages (protoplasts and hyphal
bodies) circulate in the haemolymph and colonize host
tissues. At 18°C death of the host occurs within four to
seven days. Rhizoids then emerge to attach the cadaver to
the substrate, and spore-bearing structures actively dis-
charge conidia to restart the infection cycle (Brobyn &
Wilding, 1977; Butt et al., 1990; Hemmati et al., 2001).
There have been few studies on interactions between
plant species, aphids and P. neoaphidis, with the excep-
tion of investigations involving wheat varieties and the
cereal aphid Sitobion avenae (Fabricius) (Fuentes-
Contreras et al., 1998; Fuentes-Contreras & Niemeyer,
2000), and intraspecific variation in the pea aphid,
Acyrthosiphon pisum Harris, to fungal infection from
maternal lines initially collected from different non-crop
plant species (Ferrari et al., 2001; Ferrari & Godfray,
2003, 2006).
The objectives of the work reported here were to deter-
mine whether host plant species affected susceptibility of
A. pisum to P. neoaphidis. The findings are discussed
within the context of implications for P. neoaphidis popu-
lation dynamics.
MATERIAL AND METHODS
Insects and plants
All aphids were maintained on selected host plant species in
ventilated cages at 18°C and 70% RH with a 16L : 8D regime.
Apterous adult aphids (2–3 days old) were used in all experi-
ments. All plants were grown in a peat-loam mix (pH 5.5–6.0;
Petersfield Products, Leicester, England) in a greenhouse at
20°C.
For routine culturing, A. pisum was reared on dwarf bean
(Vicia faba (L.), variety “The Sutton”). For the purposes of
some experiments, aphids were reared on an alternative host
plant, the pea (Pisum sativum L., variety “Kelvedon Wonder”)
for one month (approximately three to five generations). Similar
short-term adaptation periods to different plants have been con-
sidered sufficient to dissipate maternal and grand-maternal
effects due to host plant origin and to ensure physiological adap-
tation to the test host (Ferrari & Godfray, 2003; Vorburger et
al., 2003).
Pandora neoaphidis cultures
Strain X4 (= isolate NW 327) of P. neoaphidis, originally
obtained from infected A. pisum aphids on Rothamsted Farm,
Hertfordshire, UK, was used in bioassays. This isolate was
maintained as an in vivo culture by regular passage through
adult apterous A. pisum, and recently killed, infected aphids
were dried and stored at 20% RH and 4°C (Wilding, 1973).
Cadavers were used within four weeks of preparation.
Inoculation of aphids with fungal conidia and susceptibility
of A. pisum transferred between host plants
Two sets of dose-response experiments were conducted. In
experiment one, A. pisum was reared on dwarf bean (“The Sut-
ton”), then groups of approximately ten apterae were exposed to
conidia showers in inoculation chambers for 1, 3, 6, 15, 30 or 60
min before transfer and incubation on either dwarf bean, field
bean (V. faba, variety “Alfred”), pea (P. sativum, variety “Kelv-
edon Wonder”) or lucerne (Medicago sativa L., variety
“Euver”). Each inoculation chamber consisted of an open-ended
glass cylinder (5 × 2 cm), placed perpendicular to the base of a
plastic Petri dish (50 mm diameter). Three sporulating cadavers
on damp sponge were placed at the top of the inoculation
chamber and showered conidia down on to the aphids within the
chamber. A 13 mm diameter glass cover slip was placed at the
centre of the base of each inoculation chamber in order to esti-
mate the concentration of conidia produced during the inocula-
tion period and thereby estimate the dose received by the
aphids. Two separate inoculation chambers (i.e. a total of
approximately 20 aphids) were used for each exposure period,
and control aphids for each plant type were maintained in cham-
bers without fungal exposure for the longest inoculation period,
i.e. 60 min. Aphids were incubated in a plant growth chamber
(18°C, 18L : 6D) on appropriate test plants after fungal expo-
sure. Plants were kept under high humidity (>90% RH) for the
first 24 h to ensure conidia germination. After 24 h, any dead
aphids were removed and excluded from data analysis as their
mortality was associated with handling. Remaining aphids were
examined daily for seven days and any dead aphids removed
and placed in humid chambers to determine if sporulation by P.
neoaphidis occurred within 24 h. In this experiment, dwarf bean
represented the “original” host plant while field bean, lucerne
and pea were “alternative” food plants for A. pisum. Bioassays
were repeated on four occasions, using a total of 192 inoculation
chambers and 1680 aphids.
In experiment two, apterae of A. pisum reared on dwarf bean
or pea (“Kelvedon Wonder”) for one month prior to
experiments, were exposed, as described previously, in groups
of ten, to conidia showers for 1, 3, 6, 15, 30 or 60 min, followed
by transfer and incubation on either dwarf bean or pea. As
before, there were two inoculation chambers for each exposure
period and control aphids for each plant type were left without
fungus in chambers for the longest inoculation period, i.e. 60
min. After fungal exposure, aphids were incubated on appro-
priate test plants in a plant growth chamber as described previ-
ously and mortality assessed daily for seven days. The four pos-
sible combinations of “original” and “alternative” host and food
plants were tested. Hence, comparisons were made between
aphids reared on dwarf bean then returned to dwarf bean or
transferred to pea, and aphids reared on pea then returned to pea
or transferred to dwarf bean. Mortality was assessed daily and
dead aphids were placed in humid chambers to check if infec-
tion by P. neoaphidis had occurred. For each replicate there was
an average of 8.2 apterae (SE = 0.13). The bioassays were
repeated on three occasions, using a total of 144 inoculation
chambers and 983 aphids.
Statistical analyses
All statistical analyses were done using the GenStat statistical
package (Payne, 2003). The final proportions of dead A. pisum
infected by P. neoaphidis at the end of seven days per occasion
(replicate) were related to the concentration of conidia applied
using a generalized linear model with binomial error and probit
link (McCullagh & Nelder, 1989). Where overdispersion was
indicated by a residual mean deviance significantly greater than
unity, ratios of treatment to residual mean deviances were com-
pared against the F-distribution. Numbers of conidia applied
(estimated concentration) were logged (base 10) before analysis.
For each food plant (experiment one) or original host/alternative
food plant combination (experiment two), an initial parallel
model probit analysis was done to determine whether replicate
results from different assays could be combined. First, a single
probit line was fitted to data from all assays. Second, intercepts
were allowed to vary between assays. Third, slopes were also
allowed to vary between assays. As the single line model was
generally adequate (data not shown), data from the different
assays were pooled for each treatment combination and similar
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parallel model analyses were done to compare treatments within
each experiment. For experiment one, the overall treatment
effect was partitioned to represent contrasts between lucerne and
the other food plants combined, and differences amongst the
three non-lucerne treatments. For experiment two the factorial
treatment structure was incorporated to test overall differences
between the two “original” host plants and between the two
“alternative” food plants, and to see if any interaction existed
between these two factors. Median lethal concentration (LC50)
estimates were obtained from best fit models and confidence
intervals (CI) for LC50 values were calculated according to Fiel-
ler’s theorem (see Finney, 1971). LC50 estimates and 95% CIs
are presented back-transformed from the logarithmic scale.
RESULTS
Transfer of A. pisum between host plants
In experiment one where A. pisum was reared on dwarf
bean then transferred to different food plants after expo-
sure to P. neoaphidis, overall mortality in control groups
of aphids was 0% for A. pisum returned to dwarf bean,
10.0% (SE = 3.35) for field bean, 16.3% (SE = 4.12) for
pea and 92.5% (SE = 2.94) for lucerne. The second stage
probit regressions indicated an overall dose-response rela-
tionship (F1,183 = 198.58, p < 0.001) but with differing
intercepts (F1,183 = 100.84, p < 0.001) and slopes (F1,183 =
8.05, p = 0.005) for lucerne (Table 1) and the combined
group of species. Within the combined group the overall
level of infection differed amongst the three species (F2,183
= 3.58, p = 0.030; Table 1) but there was little evidence
of non-parallelism (F2,183 = 2.61, p = 0.076). When aphids
were transferred to lucerne the estimated LC50 (2941
conidia mm–2, n = 47) was far greater than when aphids
were transferred to any other food plant. The smallest
LC50 was determined for dwarf bean (7.7 conidia mm–2, n
= 48). LC50 values for pea and field bean were 14.6 (n =
48) and 13.0 (n = 48) conidia mm–2, respectively (Table
1). The slope of the probit regression line common to
dwarf bean, field bean and peas was close to unity but the
slope for lucerne was much shallower suggesting that
dose has less effect on infection of A. pisum feeding on
this food plant (Table 1).
In experiment two where A. pisum was reared on dwarf
bean or pea and transfers were made between these two
plants, overall mortality in control aphids was 12.5% (SE
= 6.78) for the dwarf bean-dwarf bean combination and
0% in the pea-pea combination, while control mortalities
were 3.8% (SE = 3.77) and 4.5% (SE = 4.44) for the
dwarf bean-pea and pea-dwarf bean tests, respectively. A
constrained parallel line model best described the data;
there was no evidence of non-parallelism (all three con-
centration interaction terms p > 0.05). There was evi-
dence of an overall dose-response relationship (F1,82 =
100.49, p < 0.001) with one common slope, close to
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a and b are intercept and regression coefficient, respectively, from a generalized linear model regression (with binomial error and
logit link) of proportion infected aphids after seven days on concentration of conidia applied. LC50 values based on data pooled over
four assays for each host plant species and computed from a reduced model indicating different overall levels of infection for each
treatment but a common dose-response relationship for the three non-lucerne treatments which differed to that for lucerne.
0.523
(0.184)
–1.812
(0.210)
2941.0
(237.3–2.1 × 109)
Lucerne
(“Euver”)
"
–1.333
(0.118)
14.6
(10.2–21.5)
Pea
(“Kelvedon Wonder”)
"
–1.277
(0.115)
13.0
(9.2–19.1)
Field bean
(“Alfred”)
1.145
(0.086)
–1.018
(0.108)
7.7
(5.4–11.2)
Dwarf bean
(“The Sutton”)
b (SE)a (SE)LC50 (95% CI)Food plant
TABLE 1. Results of assays with Acyrthosiphon pisum reared on dwarf bean and incubated on different food plants after exposure
to Pandora neoaphidis conidia. LC50 (conidia mm–2) with 95% CI in parentheses.
a and b are intercept and regression coefficient, respectively, from a generalized linear model regression (with binomial error and
logit link) of proportion infected aphids after seven days on concentration of conidia applied. LC50 values based on data pooled over
three assays for each plant species and computed from a constrained parallel line model indicating different overall levels of infec-
tion but a common dose-response relationship for each treatment combination.
"
–1.656
(0.167)
27.9
(15.8–57.3)
Pea
(“Kelvedon Wonder”)
Pea
(“Kelvedon Wonder”)
"
–1.357
(0.160)
15.3
(8.8–29.9)
Dwarf bean
(“The Sutton”)
Pea
(“Kelvedon Wonder”)
"
–1.288
(0.166)
13.3
(8.0–23.9)
Pea
(“Kelvedon Wonder”)
Dwarf bean
(“The Sutton”)
1.146
(0.129)
–0.989
(0.154)
7.3
(4.4–12.4)
Dwarf bean
(“The Sutton”)
Dwarf bean
(“The Sutton”)
b (SE)a (SE)LC50 (95% CI)Alternative food plantOriginal host plant
TABLE 2. Results of assays with Acyrthosiphon pisum reared on dwarf bean or pea (original host plant) and incubated on either
dwarf bean or pea (alternative food plant) after exposure to Pandora neoaphidis conidia. LC50 (conidia mm–2) with 95% CI in
parentheses.
unity, for the four different host/food plant combinations
(Table 2). However, intercepts differed between the two
original host plants (F1,82 = 5.98, p = 0.017) and, inde-
pendently, between the two alternative food plants (F1,82 =
4.63, p = 0.034), as there was no interaction between
these factors (F1,82 = 0.65, p = 0.423). The LC50 for aphids
reared and incubated on dwarf bean (7.3 conidia mm–2, n
= 21) was smaller than for aphids reared and incubated on
pea (27.9 conidia mm–2, n = 23). There was evidence for a
decrease in susceptibility when aphids reared on dwarf
bean were transferred to pea rather than dwarf bean, and
an equivalent increase when aphids reared on pea were
transferred to dwarf bean rather than pea (difference in
intercepts for alternative pea and bean in each case =
–0.299, sed = 0.150, t(86) = –2.00, P = 0.049). The
resulting LC50s for aphids reared on pea and transferred to
dwarf bean and for aphids reared on dwarf bean and
transferred to pea were 15.3 conidia mm–2 (n = 24) and
13.3 conidia mm–2 (n = 22), respectively (Table 2).
DISCUSSION
The null hypothesis for experiments reported here was
that there were no differences in the susceptibility of
aphids to P. neoaphidis when maintained on different
food plants. Departures from this hypothesis may indicate
that plant resources influence infection by P. neoaphidis,
which may have implications for aphid-natural enemy
dynamics at individual and population levels.
The experiments with A. pisum showed that transferring
apterae from original to alternative food plants changed
aphid susceptibility to P. neoaphidis, as indicated by dif-
fering underlying probit lines and larger LC50 values for
field bean and pea and, more markedly, for lucerne, com-
pared to dwarf bean. There are three crop-feeding bio-
types of A. pisum adapted to different host plants
(pea/bean, clover and lucerne) and each biotype is consid-
ered to have reduced fitness on plants of the other two
biotypes (Birkle & Douglas, 1999). The extremely low
infection obtained here with A. pisum on lucerne may
partly be due to the high physiological stress suffered by
apterae from a biotype which preferred to feed on dwarf
bean. This may also be reflected in the high control mor-
tality on lucerne compared with aphids on the three other
plant species. Short-term adaptation and incubation of A.
pisum on pea plants did not increase susceptibility to
fungal infection when compared with A. pisum main-
tained and incubated on dwarf bean, the food plant used
for routine aphid culturing. With respect to differences
between host plant species, Ferrari et al. (2001) found
variation in susceptibility of A. pisum collected from a
range of plants including Vicia spp., P. sativum, large
bird’s foot trefoil (Lotus uliginosus Schkuhr) and red
clover (Trifolium pratense L.). Infection by P. neoaphidis
was smallest for A. pisum from T. pratense, and this resis-
tance was not dependant on whether tests were carried
out on clover or on the dwarf bean variety “The Sutton”.
In general, from these and other studies pea aphid clones
appear to perform better (e.g. fecundity) on the original
host plant genus from which they were originally col-
lected (Ferrari & Godfray, 2003, 2006).
We found a trend for increased susceptibility to infec-
tion in pea aphid on the Vicia food plant used in routine
laboratory culturing, compared with alternative plants
where the pea aphid had a shorter association time. Fer-
rari & Godfray (2006) suggest that most pea aphid clones
perform well on Vicia because the species initially
evolved on Vicia and then radiated to other legume gen-
era.
The ecological implications of differences in virulence
of P. neoaphidis against aphids on different host plant
species could include a mechanism for maintaining intra-
specific diversity of the fungal pathogen, since different
isolates of the fungus may vary in performance depending
on plant resources, as has been indicated for baculovirus
populations infecting lepidopteran larvae feeding on dif-
ferent plant species (Hodgson et al., 2002; Raymond et
al., 2002). Conversely, variation in virulence of P.
neoaphidis against aphids on different host plant species
may effectively provide aphids with spatio-temporal ref-
uges in mixed plant communities, particularly during sea-
sonal shifts when aphids may be transferring between
winter and summer plant species and varieties. The lack
of susceptibility of aphids to P. neoaphidis when feeding
on host plant species to which they have had only a short-
term adaptation may have two possible explanations.
First, it could be a result of differences in plant physi-
ology and chemistry (Fuentes-Contreras et al., 1998; Ray-
mond et al., 2002). Studies have shown detrimental
effects on entomopathogen performance caused by secon-
dary plant compounds (e.g. Gallardo et al., 1990; Schultz
& Keating, 1991; Hajek & Renwick, 1993; Brown et al.,
1995; Inyang et al., 1999; Poprawski et al., 2000;
Meekes, 2001). Phytochemicals, such as phenolics and
other reactive products produced by plants during redox
cycling, are hypothesised to alter many steps of the infec-
tion cycle by entomopathogens (Cory & Hoover, 2006).
Interestingly, plant volatiles can affect germination of P.
neoaphidis conidia in different ways but they do not
influence infectivity of this fungus to A. pisum (Baver-
stock et al., 2005) and Myzus nicotianae (Blackman)
(Brown et al., 1995).
Another possibility is that aphid herbivores on alterna-
tive host plants may have experienced physiological
stress while adapting to the new food resource, inhibiting
host infection by P. neoaphidis. Milner & Soper (1981)
demonstrated that infection by a related fungal pathogen,
Zoophthora radicans (Brefeld) Batko, was reduced when
apterae of the spotted alfalfa aphid, Therioaphis macu-
lata Buckton, were starved for 24 h prior to inoculation
with fungal conidia compared with unstarved aphids.
Stress in host insects seems to cause reduced infection by
entomophthoralean fungi, such as P. neoaphidis and Z.
radicans, and contradicts the generally accepted view that
host stress should actually increase susceptibility to infec-
tion by entomopathogens (Steinhaus, 1949). Linked with
this stress hypothesis could be the effects of facultative
secondary endosymbiotic bacteria, which reside in bacte-
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riocytes alongside the primary endosymbionts, Buchnera
spp., or which may circulate in the haemolymph
(Montllor et al., 2002). Several studies have indicated
associations between certain groups of secondary endo-
symbionts and aphid life history traits, including adapta-
tions to host plant resources, moderation of abiotic stress
factors and natural enemy resistance (e.g. Montllor et al.,
2002; Tsuchida et al., 2002; Douglas et al., 2003). This
work has been done with A. pisum as the model aphid
species. In the current view of plant-herbivore-natural
enemy tritrophic interactions, secondary endosymbionts
may represent an additional internalised trophic level
within aphid herbivores which needs to be more fully
investigated.
There may be several potential problems in extending
findings from this work to other aphid systems, such as
the variation in susceptibility between different maternal
lineages, or clones, which has been demonstrated for pea
aphid (Ferrari et al., 2001; Ferrari & Godfray, 2006). In
this study, we only examined transfer of one aphid spe-
cies between crop plants, but work has demonstrated
similar effects of non-crop plants on P. neoaphidis and
other aphid natural enemies (Ekesi et al., 2005).
In conclusion, performance of P. neoaphidis at the third
trophic level is changed if aphid herbivores are feeding
on a plant species to which they have a short-term, rather
than long-term, association, possibly because of physio-
logical stress in the host aphids. This may have implica-
tions for the development of P. neoaphidis in newly
establishing populations of aphids derived from migrating
alate aphids that have developed on different host plant
species.
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